The isothermal and continuous cooling transformation kinetics of Bainite were studied using an automatic quench dilatometer. It was found that the overall isothermal Bainite transformation kinetics were well expressed by Johnson-Mehl type equation and that the transformation rate decreased with increase in the austenite grain size. The analysis of transformation kinetics and the optical microscope observations suggested that the nucleation site of Bainite was both on the grain boundaries and inside the austenite grain. This effect of austenite grain size on the rate of isothermal transformation to bainite was found to be smaller than that to pearlite. Comparison of the observed cooling transformation kinetics with that predicted from the isothermal kinetic data showed that the transformed fractions were additive in bainite transformation. This result might be understood if it were assumed that the bainite transformation proceeds with repeated nucleation and growth of basic subunits, each attaining the limit size rapidly.
I. Introduction
The theory of transformation kinetics has generally been largely confined to isothermal reaction. 
II. Experimental Procedure
The steel used in the present study was a high carbon and high chromium bearing steel (JIS SUJ 2) whose chemical composition is shown in Table 1 . This steel was selected since the pearlite and bainite transformations exhibit separate C curves and since the temperature range for bainite formation is wide.
The progress of bainite transformation during isothermal holding and continuous cooling were measured by an automatic quench dilatometer (Formaster-F). Specimens of rods 3 mmqS X 10 mm were machined from sheets of 10 mm thick after homogenizing at 1200 °C for 20 h. The heat treatments applied are schematically illustrated in Fig. 1 . To study the isothermal transformation kinetics, specimens were austenitized at 1 000 °C for 15 min, cooled immediately by N2 gas to various temperatures below B f and held at these temperatures to transform to bainite ( Fig. 1(a) ). To study the bainite transformation behaviour during continuous cooling, austenitized specimens were rapidly cooled to 400 °C (slightly below the nose temperature of bainite transformation) and cooled from that temperature with various rates of cooling ( Fig. 1(b) ). To study the effect of austenite grain size on the isothermal bainite formation, specimens were austeniti.zed at various temperatures between 1 000 °C and 1 150 °C for 15 min and then held at 1 000 °C for 15 min to standardize any effects other than grain size produced by the austenitizing. Those were then gas-quenched to 425 °C and isothermally held to transform to bainite ( Fig. 1(c) ). Thorough high-magnification examination of every specimen showed that complete solution of carbides was achieved in all experiments.
The austenite grain sizes were measured with linear intersect method from the specimens that were water quenched immediately after austenitization at various temperatures between 1 000 °C and 1 150 °C. The etchant used to reveal the prior austenite grain bound- Figure 2 shows the TTT diagram of the steel SUJ 2. This diagram was determined with the specimens austenitized at 1 000 °C for 15 min. In the figure, the times to 5, 50, and 95 % reactions are plotted. It is seen that there are two separated C curves whose noses are respectively at around 620 and 440 °C. Photograph 1(a) is an optical micrograph of the specimen transformed at 550 °C, and it is seen that pearlite nodules are preferentially nucleated at austenite grain boundaries. Photograph 1(b) shows the needle-like bainite in the specimen transformed at 325 °C. From these observations, it was confirmed that the upper and the lower C curves correspond to the pearlite and the bainite transformation, respectively.
Unlike other nucleation and growth processes, the amount of austenite transformed to bainite is a function of reaction temperature. The extent of decomposition increases from 0 % at BS to 100 % at B f. In the present study the transformation temperature was restricted to below B f (at around 480 °C) just for simplicity. Figure 3 shows the progress of bainite transformations at various temperatures below B f. It is seen that in the temperature range studied the transformation rate decreases with decrease in the temperature.
Only a few studies have been reported about the progress of isothermal bainite transformation. Radcliffe and Rollason12~ have studied the isothermal transformation kinetics of bainite in plain carbon steels and have shown that they can well be expressed by the Johnson-Mehl type equation rather than by that of Austen-Riketts.
The Johnson-Mehl type rate law is generally expressed as. (1) where, X: the fraction transformed t : the isothermal holding time k(T) : the rate constant. This equation has been applied to the present reaction data. Figure 4 shows the log{ln l/(1-X)} vs. log t plot of the reaction data shown in Fig. 3 . It is 1. Optical micrographs of specimens transformed (a) at 550 °C for 2 min and (b) at 325 °C for 30 min.
Transactions ISIJ, Vol. 22, 1982 seen that the transformation data for each temperature lie well on a respective straight line over the entire transformation range. This indicates that the progress of bainite transformation in the steel SUJ 2 can accurately be expressed by Eq. (1). Figure 5 shows the variation of the value of n obtained from the slope in Fig. 4 as a function of temperature. It is seen that the value of n is almost constant at around 4.8 for the temperature range between 450 °C and 300 °C. Radcliffe and Rollason12) have reported that n of the bainite reaction in plain carbon alloys changes in a distinctive manner with temperature : it is within the range l.8-2.6 for temperatures above about 350 °C, whereas for temperatures below 300 °C it is within the range Comparing their results with the present results, it is noted that the value of n is larger in the steel SUJ 2, and that its temperature dependence is larger in the plain carbon alloys.
Temperature Dependence of Reaction Rate
About the temperature dependence of the isothermal bainite transformation rate, it has been reported12-15) that there exists an overall activation energy (Q) given by (2) where, t : the time to reach a certain transformed fraction T: the isothermal holding temperature R : the gas constant. In Fig. 6 the measured times to reach 5, 50 and 95 % reaction have been plotted as a function of 1/T. It is seen that for each fraction the data fall well on a respective straight line, and that the activation energies given by the slopes of these lines are almost the same, about 11.7 kcal/mol.
Two types of bainite have been reported to form in the plain carbon and low alloy steels depending on the transformation temperature, i.e., upper bainite forms above about 350 °C and lower bainite forms below about 350 °C. The overall activation energy of the upper bainite has been reported to be twice as much as that for lower bainite.12,14) However, as is seen in Fig. 6 the overall activation energy of the steel SUJ 2 is constant throughout the temperature range examined, and its value (11.7 kcal/mol) is almost equal to that for the lower bainite in the plain carbon alloys (11.4 kcal/mol) of the same carbon content (0.99 wt%). Thus it may be considered that the upper limit of the lower bainite reaction of the steel SUJ 2 lies at a higher temperature than that for the plain carbon alloys. The value of 11.7 kcal/mol obtained in the present study is close to the activation energy for the diffusion of carbon in ferrite (about 20 kcal/mol) rather than to that in austenite (about 30 kcal/mol). However, the overall activation energy obtained from the transformed fraction should be a complex mixture of energy for nucleation and energy for growth. Thus there may be no simple correlation between the overall activation energy and the energy for simple diffusion process.
A general equation for isothermal bainite reaction can be obtained as follows. From Eq. (2), the time to to reach a certain fraction completion Xo at tem- Transactions ISIJ, Vol. 22, 1982 (857) Substituting this Eq. (3) 
This equation gives the bainite fraction transformed isothermally at temperature T for time t. For SUJ 2, Q and n were obtained as 11.7 kcai/mol and 4.8, and A was determined as 0.086 at X°=0.5. Figure  7 shows the calculated (solid lines) and observed (dots) isothermal bainite transformation curves. It is seen that the progress of bainite transformation can well be expressed by Eq. (5) when the three values of Q, n and A are experimentally determined.
The Effect of Austenite Grain Size on the Rate of Bainite Formation
Former studies of the effect of austenite grain size on the rate of bainite formation16-20~ were limited to early stages of transformation, and their results were considerably inconsistent. In the present study the effect of austenite grain size over the entire range of bainite transformation has been examined by separating the effects of grain size and those due directly to the austenitizing temperature (segregation, quenching stress, and so on). Figure 8 shows the variation in austenite grain size with austenitizing temperature. It is seen that when austenitizing temperature is increased from 1 000 to 1 150 °C, the grain size increases more than seven times, from 80 to 600 pm. Figure 9 shows the isothermal transformation curves at reaction temperature of 425 °C of four differently grained specimens, austenitized at different temperatures to produce different austenite grain sizes, but all held at 1 000 °C for 15 min to standardize any effects other than the grain size. It is seen that like pearlite transformation the rate of bainite formation decreases with increase in austenite grain size.
The effect of austenite grain size on the rate of isothermal bainite formation is now quantitatively expressed in the kinetic equation.
The authors have presented9"0> the following rate law for pearlite transformation considering the effect of austenite grain size
The exponent m depends on the type of nucleation site, that is, when the number of nucleation site per unit volume is proportional to d'1, such as nucleation on grain surface, m is equal to 1; when it is proportional to d-2, such as nucleation on grain edge, m is equal to 2; and when it is proportional to d-3, such as nucleation on grain corner, m is equal to 3. When nucleation occurs randomly in the matrix, i.e., for homogeneous nucleation, m is equal to zero. From Eq. (6), we have n • log t = m • log d + log In 1 -1 X tog k(T) ... (7) Thus when n is not a function of austenite grain size, the slope of n . log t vs. log d plot gives the value of m. Figure 10 shows the Avrami plot of the transformation curves shown in Fig. 9 . It is seen that for all the specimens of different austenite grain sizes, the Avrami plot points lie nearly on a respective straight line. The exponent n obtained from the slope of such lines slightly decreases with increase in grain size, but they are almost constant at around 4.2. Figure 11 shows the n.log t0 .5 vs. log d plot of the present data, where to,5 is the time to reach 50 % reaction. From the slope the value of m is obtained as 0.65. The result that m is close to but less than unity suggests that a large fraction of bainite nucleates on grain surfaces and some nucleates in the matrices. Photographs 2(a) and (b) are the representative optical micrographs of small (a) and large (b) grained specimens transformed at 425 °C for 6 min. It is clear that the transformation rate is larger in the smaller grained specimen, and that both in the small and in the large grained specimens a large fraction of bainite nucleates on grain boundaries and some nucleate inside the austenite grain as is expected from the measured value of m. Figure 11 also shows the value of m obtained for the pearlite transformation in the steel SKD It is seen that the value of m for the bainite transformation is about one third of that for the pearlite transformation. This indicates that when the austenite grain size becomes 10 times larger, the time to reach a certain fraction of transformation becomes 2.8 times longer in pearlite transformation while it is only 1 .4 times longer for the bainite transformation. It may be said that the effect of austenite grain size on the rate of bainite transformation is generally smaller than that of pearlite transformation.
Cooling Transformation Kinetics of Bainite
The continuous cooling transformation kinetics of bainite were considered by extending the rule of additivity, which was originally proposed by Scheil1~ to predict the transformation start temperature during continuous cooling from the incubation period of isothermal transformation. He assumed that the time spent at a particular temperature, ti, divided by the incubation time at that temperature, zi, might be considered to represent the fraction of the total nucleation time required. When the sum of such fractions (called the " fractional nucleation time ") becomes equal to unity, transformation begins to occur, i.e., Photo. 2. Optical micrographs of specimens with different austenite grain size but transformed at 425 °C for 6 min. In the present investigation, whether or not this additivity rule can be extended to cover the entire range of transformation was examined. Let us derive the cooling transformation equation for entire range of transformation assuming that the transformed fractions are additive. Rewriting Eq. (9) by using the time to reach a transformed fraction x by isothermal holding at temperature T, Zx (T ), instead of using the incubation time z(T), Using this Eq. (14) and k(T) given by Eq. (4), the bainite fraction under the condition of additivity can be calculated for any linear cooling. For cooling transformation experiments, specimens were austenitized at 1 000 °C for 15 min, rapidly cooled with N2 gas to around 400 °C to avoid any diffusional transformation during cooling from 1 000 to 400 °C, then cooled linearly from this temperature.* Figure 12 shows the change in bainite fraction as a function of temperature during cooling with cooling rates of 0.05, 0.07, and 0.10 °C/s. In this figure, solid lines are the calculated transformation curves from Eq. (14) and dots are the measured (in actual experiments the transformed fractions were continuously measured). It is clear that the measured and the calculated transformation curves are in good agreement. This indicates that the transformed fraction of bainite is nearly additive and the cooling transformation of bainite can be predicted with good accuracy from the isothermal overall transformation kinetics.
Iv. Discussion 1. Effects of Austenite Grain Size on Bainite Transformation The effects of austenite grain size on the rate of isothermal bainite transformation have been studied by several workers.16-20} Barford and Owen20~ studied the effect of austenite grain size on the rate of bainite formation in the alloys containing between 1.1 and 1.4 % C and 1.0 and 1.5 % Mn. The austenite grain size was established by heating specimens for 5 min at selected temperatures in the range 1 000N 1 250 °C, and specimens were cooled to and held at 1 000 °C to standardize any effects other than the grain size produced by the austenitizing. They observed that both in the upper and in the lower bainite reactions the time to reach a certain fraction of reaction (to about 25 %) linearly increased with increase in austenite grain size. They claimed that this result was understandable if it were assumed that the nucleation site of bainite is the austenite grain boundary surface and that nucleation is the rate-controlling step in the reaction. The optical micrograph presented in their paper showed that the bainite in the Fe-Mn-C alloys nucleated predominantly on the austenite grain boundary. This result is nearly consistent with that of the present study.
Graham and Axon19~ investigated the effects of culation of bainite fraction the bainite formed by this isothermal holding at 400 °C (about 2 %) were taken into account.
In the cal-austenite grain size and austenitizing temperature on the transformation to lower bainite in a 0.97 % plain carbon steel. Specimens were austenitized for times ranging from 4 to 360 min at temperatures of 835, 900 and 990 °C, and allowed to fully react at 266 °C. It was found that there was an initial decrease in the decomposition rate followed by an increase with increasing austenitizing temperature. The initial retardation was attributed to increasing carbide solution, and the subsequent acceleration to the onset of grain growth. This result is inconsistent with that of the present study. This, they held, was because of the larger grains easing formation of bainite by reducing the back pressure which was induced by the expansion of the bainite plate. However, it is difficult to relate this mechanism to any recognized physical process. Further, since they did not present any micrographs of austenite grains nor partially transformed bainite, it is not clear whether or not the change in transformation rate is due to the change in austenite grain size.
Additivity of the Transformed Fractions
In the present study, the transformation kinetics of bainite during continuous cooling have been derived from the isothermal transformation kinetic data and by the additivity rule. From the experiments which showed that the derived equation well expressed the actual cooling transformation of bainite, it has been concluded that the transformed fractions are additive in the bainite reaction.
In general, however, reactions involving two timetemperature parameters will not be additive. Consider the simplest type of cooling transformation, obtained by combining two isothermal treatments at temperatures T1 and T2 (where TT1> T2). Assume that the ratio of nucleation rate I and the growth rate G is larger at the lower temperature T2. When specimens are transformed at each temperature to the same fraction X0, the microstructures are presumably like those schematically shown in Fig. 13 . At temperature T1 where the relative nucleation rate is slow and the relative growth rate is fast the microstructure will be consisted of a small number of large size nodules. While at temperature T2 where the relative nucleation rate is fast and the relative growth rate is slow the microstructure will be consisted of a large number of small size nodules. Suppose that the specimen is transformed at the higher temperature T1 to fraction Xo and is then suddenly cooled to T2. When transformation is continued at T2, the progress of transformation of the specimen initially transformed at T1 should be considered to be slower than that transformed at T2 from the beginning, since the former has smaller total growing interface area than that of the latter. The additivity rule will not hold in this case. This situation is schematically illustrated in Fig. 14 .
The transformed fractions become precisely additive when one of the following three conditions is satisfied. One is that the ratio of the nucleation rate and the growth rate is invariable with temperature.
Such reaction is called " isokinetic ".21) Second is when all the nuclei have been nucleated early in the reaction and the progress of transformation is controlled only by their growth. This condition is called " site saturation " .22) The third is when the growth of new phase is very fast but ceases when the new phase takes a certain limit size. In such a case the progress of transformation is controlled only by the nucleation of new phase.
Oblak and Heheman23~ observed the bainite structure by optical and electron microscopy and found that both the upper and the lower bainites were characterized by a parallel arrangement of ferrite laths which were in immediate contact with each other as schematically shown in Fig. 15 . Then they proposed that both the upper and the lower bainite " grew" through repetition of nucleation and growth of units having a more basic substructure (usually 1 hem wide and of the order of 10 pm long), the unit, once nucleated, growing rapidly to a certain limit size. The limit size attainable by the subunit in bainite, they considered, is dictated by the strain accumulated in the austenite, while the rate at which these units continue to nucleate is controlled by relaxation of these strains. It will be seen that their observation and proposals will satisfy the third condition of the bainite transformation mentioned above. That is, the overall rate of bainite formation is controlled by the nucleation rate, and this is the most probable reason for the observed additiveness in the bainite reaction. The specimen is initially held at T1 for transformation to Xo, whereupon it is cooled suddenly to T2; the subsequent transformation will be delayed as shown by the broken line because here the additivity rule does no longer apply. Is", Vol. 22, 1982 (861)
V. Conclusions As one of the steps to obtaining a general cooling transformation kinetics from the isothermal kinetic data, the isothermal and cooling transformation kinetics of bainite have been investigated. The main results obtained are as follows :
(1) The isothermal transformation behaviour of bainite for the steel used in the present investigation (JIS SUJ 2) can be expressed by the Johnson-Mehl type equation.
(2) The bainite transformation rate decreases with increase in the austenite grain size. The nucleation site of bainite is mainly on austenite grain surfaces, but some evidence for homogeneous nucleation in the matrix was also found.
(3) An equation expressing the transformation behaviour of bainite during continuous cooling has been derived from the experimentally obtained isothermal transformation kinetics. It has been shown that this equation well expresses the actual continuous cooling transformation behaviour.
(4) The above result shows that the additivity rule 
